Poly (ε-caprolactone) (PCL) based hybrids containing different amounts of modified (Aerosil ® R972) and unmodified (Aerosil ® A200) silica oxide were prepared employing the solution method, using chloroform. The relationships of the amount of nanofillers, organic coating, molecular structure and intermolecular interaction of the hybrid materials were investigated mainly using low-field nuclear magnetic resonance (NMR). The NMR analyses involved the hydrogen spin-lattice relaxation time (T 1 H) and hydrogen spin-lattice relaxation time in the rotating frame (T 1 ρH). The spin-lattice relaxation time measurements revealed that the PCL/silica oxide hybrids were heterogeneous, meaning their components were well dispersed. X-ray diffraction (XRD), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were also employed. The DSC data showed that all the materials had lower crystallization temperature (Tc) and melting temperature (Tm), so the crystallinity degree of the PCL decreased in the hybrids. The TGA analysis demonstrated that the addition of modified and unmodified silica oxide does not cause considerable changes to PCL's thermal stability, since no significant variations in the maximum temperature (Tmax) were observed in relation to the neat polymer.
Introduction
Organic/inorganic hybrid materials have been attracting much attention since they can combine the advantages of inorganic materials with the properties of organic polymers 1, 2 . When inorganic phases in organic/inorganic composites have nanosize, they are called nanocomposites. Moreover, the uniform dispersion of these nanofillers produces a large interfacial region between the nanofiller and polymer due to their high specific surface area, leading to peculiar characteristics of polymer based nanostructure materials [3] [4] [5] . These hybrids can be prepared by various synthesis routes. The organic component can be introduced as (i) a precursor, which can be a monomer or an oligomer, (ii) a preformed linear polymer, or (iii) a polymer network, physically or chemically cross-linked. The inorganic part can be introduced as (i) a precursor or (ii) preformed particles. This leads to three general methods for preparing polymer/silica oxide nanocomposites, according to the desired materials to be obtained and processing techniques, namely: blending, sol-gel processing and in situ polymerization 6 . Solution blending is a liquid-state powder processing method that produces good mixing at the molecular level.
It is widely used in material preparation and processing. The polymer and nanoparticles are dissolved or dispersed in solution 6 . Polycaprolactone is a linear semicrystalline polyester (~50% crystallinity), characterized by a relatively low glass transition temperature (~60 °C), and is produced by the ring opening polymerization of ε-caprolactone. It is a biocompatible and biodegradable polymer, degradable either through hydrolytic or enzymatic cleavage along the macromolecular chain. Its potential uses are currently being examined as biodegradable packaging materials, controlled drug release carriers and other medical applications such as suture filaments. The main disadvantages of PCL are its low melting temperature (~60 °C), modulus and abrasion resistance, as well as its relatively high cost [7] [8] [9] . The incorporation of nanofillers, such as silica oxide, in a polymeric matrix can improve the properties of nanocomposites, such as dimensional stability. The main objective of this work was to obtain PCL/silica oxide hybrids by solvent casting with modified (Aerosil ® R972) and unmodified silica oxide (Aerosil ® A200). The other objective was to investigate the crystallization and thermal behavior of hybrids containing different amounts of silica oxide, through differential scanning calorimetry and thermogravimetric analysis, and to relate such behavior to the morphology, revealed by X-ray diffraction and low field NMR, to shed light on the characteristics of these heterogeneous materials.
NMR offers a great variety of relaxation times, which can provide good information about the interface interaction between composite components and the inorganic particle dispersion. This can be obtained using low-field NMR, which permits measuring the proton spin-lattice relaxation time, T 1 H, and proton spin-lattice relaxation time in the rotating frame, T 1 ρH, of the materials. These sample analyses enable the identification of the molecular motions, domain formation, phase separation and intermolecular interaction, all of which promote changes in the proton relaxation times. This feature makes the technique a good tool to analyze the molecular dynamics of polymer systems and materials, especially nanocomposite materials [10] [11] [12] [13] [14] [15] [16] .
Material
Polycaprolactone (PCL) Mn = 80,000 was supplied by Sigma Aldrich. Hydrophilic silica oxide particles and organo silica oxide nanoparticles were supplied by Degussa AG, named Aerosil ® A200 and Aerosil ® R972, respectively. The hydrophilic silica oxide particles have a specific surface area of 200 m 2 .g -1 and an average primary particle size of 12 nm and the hydrophobic silica has a specific surface area of 170 m 2 .g -1 and an average primary particle size of 12 nm.
Preparation of PCL/silica Oxide Hybrids
The PCL/silica hybrids were prepared using the solvent casting technique, which promotes good nanoparticle dispersion, using CHCl 3 as the solvent, chosen according to the PCL's solubility 17 . The solutions of PCL and hydrophobic silica oxide were stirred separately at room temperature for 24 hours to prepare the nanomaterials with different silica oxide ratios. The silica oxide dispersions were subjected to ultrasound for one hour. After that, the dispersions were mixed and stirred for 48 hours at room temperature. The resulting mixture was put onto plates, covered and kept at room temperature to eliminate the solvent slowly. After that, the hybrid films were dried under vacuum for 48 hours and all samples were stored in desiccators before being analyzed. For comparison, nanomaterials formed by PCL/unmodified silica oxide with the same silica oxide ratios were prepared under the same experimental conditions.
Characterization Techniques

FTIR analysis
The infrared spectra were obtained by using a Nicolet Magna FR 760 FTIR spectrometer. The samples were investigated by depositing the films from the solution. The spectra were recorded at room temperature using 64 scans at 2 cm -1 resolution from 200 to 4000 cm -1 .
X-ray diffraction
The hybrid films were investigated by X-ray diffraction (XRD) using a Rigaku D/max 2400 diffractometer, with nickel-filtered CuKα radiation at a wavelength of 1.54 Å, at room temperature. The 2θ scanning range was varied from 2° to 30°, with a step of 0.02, operated at 40 KV and 30 mA.
NMR relaxation method
4.3.1. Spin-lattice relaxation times All measurements of spin-lattice relaxation times (T 1 H and T 1 ρH) were performed using a Resonance Instruments Maran Ultra 23 low-field NMR spectrometer operating at 23.4 MHz (for protons), equipped with an 18 mm variable temperature probe. The pulse sequence used for T 1 H determination was inversion-recovery (recycle delay 180° -τ -90° acquisition). The 90° pulse, 4.6 µs, was calibrated automatically by the instrument's software. The amplitude of the FID was sampled for 20 τ data points, ranging from 0.1 to 5000 ms, with four scans each and 5 seconds of recycle delay. The temperature was 25 °C. The T 1 H values and relative intensities were obtained by fitting the exponential data with the aid of the WINFIT program. Distributed exponential fitting of plots of relaxation amplitude versus relaxation time were performed by using the WINDXP software. The 1 H T 1 ρ values were measured with ordinary spin-lock pulse sequencing, which was 90° x-(spin-lock pulse) y-(acquisition). The amplitude of the FID was sampled for 32 τ data points, ranging from 25 to 100,000 µs, with four scans each and 5 s of recycle delay. The T 1 ρ values and relative intensities were obtained also by fitting the exponential data with the aid of the WINFIT program and the distributed exponential fitting of plots of relaxation amplitude versus relaxation time was performed by using the WINDXP software. The spin-lock field was 12.5 kHz.
Equation 1 was used to calculate the T 1 ρ values:
• y -total magnetization intensisty; • y 0 -intensity of the magnetization at the initial time;
• Ai -constant time;
• X -signal weight at the initial point; • X 0 -signal weight at the initial time; and • t1 -time interval between 180° and 90° pulses
Thermal analysis
The thermal properties of the PCL and its hybrids were investigated using a Rigaku TAS 100 differential scanning calorimeter. Dry nitrogen gas was used as carrier gas at a flow rate of 20 mL/min. The DSC curves were recorded between -70 °C and 150 °C, with a heating rate of 10 °C/min -1 . The fraction Xc % of material crystallized after an interval, t, was evaluated by the ratio of the crystallization area at time, t, over the total area, according to Equation 2 , and the crystallinity degrees (Xc) were determined by measuring the enthalpy of fusion of the PCL in the crystalline state, using the literature datum of 139.6 Jg -1 [18] .
The thermogravimetric analysis was carried out in a TA Instruments Q500 apparatus, operating from 25 to 500 °C under nitrogen flow of 50 mL/min, at a heating rate of 10 °C/min.
Results and Discussion
Hybrids' structural characterization
The chemical structure of the polymer/silica oxide hybrids can be generally identified by FTIR. Consequently, this technique is widely used to establish the formation of new materials. In addition, far infrared analysis is useful for inorganic studies since the stretching vibrations and angular deformation between organic/inorganic compounds occurs at frequencies lower than 650 cm -1 [19] . The FTIR spectra of the Aerosil ® R972 and Aerosil ® A200 ( Figure 1 ) showed an absorption peak at about 1100 cm -1 , attributed to the asymmetric stretching vibrations of the Si-O-Si bonds of silica oxide, while the peak at 820 cm -1 can be attributed to the symmetric deformation of the Si-O-Si bonds. These are typical absorption bands for Si-O-Si network vibrations 6, 20 . In Figure 1 , the two narrow peaks located at 2870 and 2954 cm −1 are attributed to C-H stretching vibration of the PCL's hydrocarbon and the narrow peak centered at 1734 cm −1 is derived from the stretching vibration of the PCL's carbonyl groups (C=O) 21, 22 .
The FTIR spectra of the hybrids formed by silica, PCL/Aerosil ® R972 and PCL/Aerosil ® A200 silica oxide (Figure 2 ) present the characteristic peaks of silica oxide in the far infrared region. The peak at about 464 cm -1 is attributed to the vibration of O-Si-O bonds 19, 23 . According to the literature, silica oxide has a characteristic peak located at 370 cm -1 [23] . Therefore, this peak was displaced to the 345 cm -1 region in the PCL/silica oxide hybrids. In addition, this peak becomes broader with increasing silica oxide ratio, indicating binding with PCL and silica oxide 3, 6 . The peak located at about 750 cm -1 (see Figure 1 ) is attributed to the bending vibrations of Si-O-Si and was sharper in the hybrids prepared with modified silica oxide (Figure 3a) 21 . The FTIR spectra of the hybrids (Figure 3) showed vibrations at 3500 cm -1 , which can be attributed to the stretching of the silica oxide hydroxyl groups and also the remaining, adsorbed water molecules 23 . The hydroxyl groups at the surface have potential to form hydrogen-bonding interactions with the carbonyls of the PCL chains 21 . These infrared spectroscopic results indicate the occurrence of binding between the PCL chain and modified silica oxide.
The hybrid materials were submitted to wide-angle X-ray diffraction measurement. The XRD curves are shown in Figure 4 . The XRD technique is based on the elastic scattering of X-rays from structures that have long-range order. It is an efficient analytical technique to identify and characterize crystalline materials. The X-ray diffraction results showed that silica oxide nanoparticles are predominantly amorphous 6 . The strong and sharp crystalline peaks located at 21.3° and 23.8° are attributed to the [110] and [200] crystallographic planes of the PCL crystal, respectively 24 . Analysis of the PCL/Aerosil ® R972 hybrid materials showed that the crystallization degree of the PCL matrix did not change. However, the intensity of the diffraction peaks in the PCL/Aerosil ® A200 hybrids were significantly lower. The broad amorphous halos were stronger in the PCL/Aerosil ® R972 hybrids than in the PCL/Aerosil ® A200 hybrids, suggesting formation of materials with lower crystallinity degree 21 . 
Thermal analysis
The thermal parameters such as melting point, crystallization temperature and crystallinity degree were determined from DSC analyses, and the results are shown in Table 1 . Figure 4 and Table 1 show that the addition of modified and unmodified silica oxide hinders the cold crystallization process by drastically lowering the related enthalpy of crystallization (∆Hc). Furthermore, significant features can also be detected in the melting signal, which is also characterized by relatively low enthalpy.
The systems showed a decrease in the ∆Hc and ∆Hm, which could be related to a restriction in the PCL crystallization kinetics. Probably the multiple interaction formed in the organic-inorganic hybrids causes a highly restricted segmental motion, hindering crystallization 25, 26 . A reduction in the crystallinity of the PCL matrix in the hybrid materials in the presence of silica oxide nanoparticles compared to the PCL (Table 1) was observed. The decrease in the crystallinity degree can be attributed to the PCL's interaction with the silica oxide nanoparticles. According to the literature 3 , the polyester chains linked to the silica oxide surface can reduce the PCL chain mobility. In this work, this effect was stronger for the PCL/Aerosil ® R972 hybrids, because the silica oxide surface modifier particles promote an increase in the affinity of silica oxide with the polymeric matrix.
The thermal degradation stability of the hybrid samples was studied through the determination of their weight loss due to the formation of volatile degradation products as a function of temperature in an inert atmosphere. Figure 5 shows the weight loss for all the samples studied.
The thermal degradation of PCL in an inert atmosphere takes place through the rupture of the polyester chains through ester pyrolysis reaction, with the release of CO 2 and H 2 O and the formation of carboxylic acid groups. Pyrolysis promotes chain cleavages randomly distributed along the chain and when two pyrolysis reactions occur with ester functions, one of the reaction products is 5-hexenoic acid 23, 27, 28 .
The thermogravimetric curves showed that the PCL and samples with different silica oxide presented relatively good thermal stability, since no substantial weight loss occurred up to 300 °C. The addition of modified and unmodified silica oxide did not cause considerable changes in PCL thermal stability, as no significant variations in Tmax were observed with respect to the PCL (Table 2 ). Generally speaking, the incorporation of nanosized inorganic particles into a polymer matrix enhances its thermal stability by acting as a mass transport barrier to the volatile products generated during decomposition. On the other hand, the incorporation of nanosized inorganic particles, such as silica oxide, reduces the thermal stability of the hybrid samples at lower temperatures. The thermal stability of PCL hybrids depends on the silica oxide incorporation and dispersion into the PCL matrix, which in turn depends on the PCL's molecular weight and the reactivity of its functional groups 6,29,30 .
NMR analysis
The influence of silica oxide on the PCL matrix, with relation to the molecular dynamic, was evaluated by nuclear relaxometry, using low-field nuclear magnetic resonance.
To better investigate the compatibility, dispersion and interaction between both hybrid components, proton spin-lattice relaxation time (Table 3 ) and proton spin-lattice relaxation time in the rotating frame (Table 4) were determined in a low-field NMR spectrometer 31 . The influence of silica oxide dispersion in the PCL crystalline phase was also investigated.
According to the results of T 1 H PCL film listed in Table 3 , it presents two spin populations that relax at approximately 30 ms (21%) and 142 ms (79%), corresponding to the mobile region (amorphous) and constricted amorphous/crystalline domains, respectively. According to this result, at least two types of molecular organization structure occurred in this semicrystalline polymer (Table 3) . One was derived from the amorphous phase, whose protons had shorter relaxation time, and the second one referred to the protons that are constricted in the crystalline and/or rigid phase, which had longer relaxation times 32 . The spin-lattice relaxation time measurements revealed that the PCL-silica oxide hybrids were heterogeneous, as expected. However, their components were well dispersed. This can be explained by the values of spin-lattice relaxation times, which are near those of the PCL matrix. It was clear that the relaxation times changed due to the interaction between both hybrid components and the silica oxide dispersion in the PCL matrix. It was also observed that the silica oxide ratio influences its dispersion and distribution in the polymer matrix.
According to the T 1 H values shown in Table 3 , the hybrid materials prepared with Aerosil ® R972 (organo modified) presented good component dispersion and compatibility, since the T 1 values are lower than those found for the hybrids prepared with Aerosil ® A200 (unmodified). This behavior can be attributed to the interfacial interaction strength between components in the hybrid materials prepared with modified silica oxide nanoparticles. However, in the PCL/Aerosil ® A200 [0.15% w/w], the components did not interact well, due to the decrease in the T 1 below the PCL value. This result can The proton T 1 ρH was determined to evaluate the changes in the nanostructure and molecular mobility in the polymeric hybrids. This parameter also permits verification of the homogeneity of polymer systems, as it is sensitive to the chains' spatial proximity. The T 1 ρH value represents the average of the proton molecular mobility of the PCL matrix chains in each sample. Generally speaking, for well dispersed hybrids, just one value of this parameter is found. More than one value is an indication that at least two domains with distinct motilities are present due to the formation of non-homogeneous material 34, 35 . Hybrid materials are essentially heterogeneous due to their initial components being organic-inorganic. So, more than one T 1 ρH value is expected, since the domains' size detected from this parameter varies from 4 to 25 nm. Therefore, if a hybrid material presents good dispersion and good distribution of the nanoparticles, it will have one domain. Table 4 shows the T 1 ρH values for the PCL chain and PCL/silica oxide hybrids prepared. Figure 6 shows the T 1 ρH curves with one fit, for PCL/Aerosil ® R972 and be attributed to the poor dispersion of unmodified silica oxide in the PCL matrix. However, for all hybrid ratios, the rigid domain, which has the highest relaxation parameter value, controls the relaxation process [31] [32] [33] . 
Conclusions
The first analysis, by infrared spectroscopy, indicated there was binding between the PCL chain and modified silica oxide.
The DSC data showed that all the hybrids had lower Tc values and the crystallinity degree decreased for all the hybrid materials. Besides this, the XRD data showed that the PCL/Aerosil ® R972 hybrids showed a broad amorphous halo stronger than the PCL/Aerosil ® A200 hybrids, confirming that the hybrid materials have lower crystallinity degree than the PCL 21 . The NMR relaxometry provided results related to the dispersion, interaction and structural organization of the hybrids. Direct measurements of proton T 1 H and T 1 ρH, using low-field NMR, proved to be a useful tool for the evaluation of polymer PCL/silica oxide hybrid systems. The data on both relaxation times were able to give information on the silica oxide dispersion in the polymer matrix, as well as the domain formation. According to the results, we can conclude that the method employed was efficient, rapid and practical for a better understanding the behavior of the hybrids formed.
PCL/Aerosil ® A200. The T 1 ρH curves show the same shapes. Their fits gave a similar value of this parameter for all samples except for PCL/A200 [0.35% w/w], which presented lower relaxation values for this parameter. This decline is an indication that this sample had good intermolecular interaction between the polymer matrix and silica oxide, due to the greater proximity of the hybrid components, promoting formation of more rigid material due to a better dispersion of the silica oxide particles. The proximity of the proton spin-lattice relaxation times in the rotating frame for the hybrid materials suggests that the intermolecular dipole-dipole interactions between polymer 
